In this paper, potassium salt roasting additives were applied to extract vanadium from vanadium-titanium magnetite concentrate. Meanwhile, the mechanisms of potassium salt roasting and acid leaching kinetics were investigated. The results indicate that potassium salt roasting additives are more efficient than sodium and calcium salt and that K 2 SO 4 works best. Under certain conditions (a dosage of K 2 SO 4 of 4 wt %, a roasting temperature of 900 • C, a roasting time of 1 h, a leaching temperature of 95 • C, a sulfuric acid concentration of 10% (v/v), and a leaching time of 1.5 h with a liquid to solid ratio of 3 mL/g) the vanadium leaching efficiency reached 71.37%, an increase of 30.20% compared to that of blank roasting. Additionally, XRD and related SEM-EDS analyses indicated that K 2 SO 4 fully destroyed the structure of vanadium-bearing minerals such as magnetite, and promoted the generation of soluble KVO 3 to inhibit the formation of insoluble Ca(VO 3 ) 2 in the roasting process. Furthermore, it promoted the dissolution of sphene and the release of its vanadium in the leaching process, which increased the vanadium leaching efficiency significantly. Meanwhile, leaching kinetics analyses showed that the leaching process was controlled by internal diffusion; the apparent activation energy decreased from 37.43 kJ/mol with blank roasting to 26.31 kJ/mol with potassium salt roasting. The reaction order, with regards to the sulfuric acid concentration, decreased from 0.6588 to 0.5799. Therefore, potassium salt roasting could improve mineral activity, accelerating the leaching process and reducing the dependence on high temperature and high acidity.
Introduction
Vanadium is an important strategic resource for steel, aviation, chemical, battery and other industries, widely used for its superior properties [1] . In addition to vanadium-bearing shale, vanadium-titanium magnetite is another major raw material from which to extract vanadium. China's vanadium-titanium magnetite reserves are huge-up to 9.83 billion tons that reach mineable grade-and are therefore of high utilization value [2, 3] .
Generally, the indirect vanadium extraction process takes place after iron-making; vanadium elements are enriched into the slag to obtain vanadium slag and then vanadium is extracted from the slag. The indirect vanadium extraction process is widely used in the industry [2, 4, 5] in combination with the blast furnace process and could greatly improve the production efficiency [6] [7] [8] . In recent destroy the structure of the vanadium-bearing mineral. Therefore, according to the occurrence of vanadium, damaging the magnetite structure requires a high temperature [16, 17] and the sphene (silicate minerals) can be dissolved by acid. Furthermore, in our previous work, the vanadium leaching efficiency of direct leaching was below 15% and water leaching was below 20% which proved that the roasting process and acid leaching were both necessary for the extraction of vanadium. Thus, roasting-acid leaching was selected as a reasonable process for the extraction of vanadium from the concentration. Meanwhile, Figure 1 shows that the main minerals in the concentrate include magnetite, ilmenite and sphene. vanadium and titanium is relatively high, and the grade of vanadium is above 1%, suitable for direct extraction of vanadium. Table 2 shows that the main vanadium-bearing minerals are magnetite-FeO(Fe,V)2O3 and sphene-Ca(Ti,V)SiO4O [9] . The key to extracting vanadium is to destroy the structure of the vanadium-bearing mineral. Therefore, according to the occurrence of vanadium, damaging the magnetite structure requires a high temperature [16, 17] and the sphene (silicate minerals) can be dissolved by acid. Furthermore, in our previous work, the vanadium leaching efficiency of direct leaching was below 15% and water leaching was below 20% which proved that the roasting process and acid leaching were both necessary for the extraction of vanadium. Thus, roasting-acid leaching was selected as a reasonable process for the extraction of vanadium from the concentration. Meanwhile, Figure 1 shows that the main minerals in the concentrate include magnetite, ilmenite and sphene. 
Procedure and Methods
The concentrate was added into the corundum crucible; then, a certain amount of additives were put into it and mixed completely; it was roasted at the required temperature for a period of time in a muffle furnace, then cooled to room temperature to obtain roasting slag. The roasting slag was placed in a beaker, sulfuric acid was added and leached on a magnetic stirrer at a constant temperature for a period of time, then filtered to obtain leachate.
The content of vanadium in the leachate was determined by the ferrous volumetric method and the vanadium leaching efficiency was calculated according to the following equation [25] :
where β is the vanadium leaching efficiency (%), CVl is the vanadium content in the leachate (g/mL), CVs is the grade of vanadium in the concentrate (%), V is the volume of the leachate (mL), and M is the mass of the concentrate (g). It is true that mass loss can occur after the roasting process. However, the mass loss was below 1% in our experiment, which can be seen as normal experimental error and ignored. Thus, the 
where β is the vanadium leaching efficiency (%), C Vl is the vanadium content in the leachate (g/mL), C Vs is the grade of vanadium in the concentrate (%), V is the volume of the leachate (mL), and M is the mass of the concentrate (g).
It is true that mass loss can occur after the roasting process. However, the mass loss was below 1% in our experiment, which can be seen as normal experimental error and ignored. Thus, the vanadium content in the concentrate can be regarded as constant before and after roasting and so calculating the vanadium leaching efficiency based on vanadium content in the concentrate is rational.
The main chemical composition of the concentrate was determined by (ICP-AES) inductivelycoupled plasma-atomic emission spectroscopy (Thermo Elemental, Boston, MA, USA).
Phase compositions were obtained by an X-ray diffractometer (D/MAX2500PC, Rigaku, Tokyo, Japan) with Cu-K α radiation.
Microscopic observation and elemental analyses (SEM with EDS) were conducted by using a JEOL IT 300 scanning electronic microscope (JEOL, Tokyo, Japan) equipped with an energy dispersive spectrometer (EDS, X-Act, Oxford, London, Britain, UK).
Results and Discussion

Roasting Process
Effect of Different Additives and Their Dosage on the Vanadium Leaching Efficiency
The effect of different additives and their dosage on the vanadium leaching efficiency was investigated under the following conditions: a roasting temperature of 900 • C, a roasting time of 1 h, a leaching temperature of 95 • C, a sulfuric acid concentration of 15% (v/v), and a leaching time of 1.5 h with a liquid to solid ratio of 3 mL/g. The results are illustrated in Figure 2 . As shown in Figure 2 , the effects of potassium salt additives are significantly better than sodium and calcium salt additives, and the effects of calcium salt additives are not quite significant. vanadium content in the concentrate can be regarded as constant before and after roasting and so calculating the vanadium leaching efficiency based on vanadium content in the concentrate is rational.
The main chemical composition of the concentrate was determined by (ICP-AES) inductively-coupled plasma-atomic emission spectroscopy (Thermo Elemental, Boston, MA, USA).
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Roasting Process
Effect of Different Additives and Their Dosage on the Vanadium Leaching Efficiency
The effect of different additives and their dosage on the vanadium leaching efficiency was investigated under the following conditions: a roasting temperature of 900 °C, a roasting time of 1 h, a leaching temperature of 95 °C, a sulfuric acid concentration of 15% (v/v), and a leaching time of 1.5 h with a liquid to solid ratio of 3 mL/g. The results are illustrated in Figure 2 . As shown in Figure 2 , the effects of potassium salt additives are significantly better than sodium and calcium salt additives, and the effects of calcium salt additives are not quite significant. Related research has shown that vanadate formed during the roasting process; therefore, the formation of insoluble Ca(VO3)2 may be the reason for the lower vanadium leaching efficiency in calcium salt roasting [25] . The reactions of sodium salt roasting and potassium salt roasting [22] are illustrated in Equations (2) and (3). Na2O and K2O both belong to ionic compounds and have similar properties; the radius of K + is bigger than Na + ; as a result, the lattice energy of K2O is lower than Na2O [26] , which indicates that K2O is more reactive, inferring that the extent of the reaction of Equation (3) is greater than that of Equation (2) . Thus, the vanadium leaching efficiency of potassium salt roasting is higher than that of sodium salt roasting. In particular, K2SO4 is the most significant for its decomposition product (SO2) which could react with CaO (in the concentrate) to generate CaSO4 to inhibit the formation of Ca(VO3)2 [22] ; related reactions are illustrated in Equations (4) and (5) . Thus, K2SO4 is selected as the roasting additive.
The increase of the vanadium leaching efficiency is not significant when the K2SO4 dosage exceeds 4 wt %. Therefore, the optimal dosage of K2SO4 is 4 wt %. Related research has shown that vanadate formed during the roasting process; therefore, the formation of insoluble Ca(VO 3 ) 2 may be the reason for the lower vanadium leaching efficiency in calcium salt roasting [25] . The reactions of sodium salt roasting and potassium salt roasting [22] are illustrated in Equations (2) and (3). Na 2 O and K 2 O both belong to ionic compounds and have similar properties; the radius of K + is bigger than Na + ; as a result, the lattice energy of K 2 O is lower than Na 2 O [26] , which indicates that K 2 O is more reactive, inferring that the extent of the reaction of Equation (3) is greater than that of Equation (2) . Thus, the vanadium leaching efficiency of potassium salt roasting is higher than that of sodium salt roasting. In particular, K 2 SO 4 is the most significant for its decomposition product (SO 2 ) which could react with CaO (in the concentrate) to generate CaSO 4 to inhibit the formation of Ca(VO 3 ) 2 [22] ; related reactions are illustrated in Equations (4) and (5). Thus, K 2 SO 4 is selected as the roasting additive.
The increase of the vanadium leaching efficiency is not significant when the K 2 SO 4 dosage exceeds 4 wt %. Therefore, the optimal dosage of K 2 SO 4 is 4 wt %. In the roasting process, the roasting slag was leached under the following conditions: a leaching temperature of 95 • C, a leaching time of 1.5 h, and a sulfuric acid concentration of 10% (v/v) with a liquid to solid ratio of 3 mL/g.
The effect of roasting temperature on the vanadium leaching efficiency was researched under these conditions: K 2 SO 4 dosage was 0 or 4 wt % and the roasting time was 1 h; the results are illustrated in Figure 3a . It can be observed that the vanadium leaching efficiency first increases and then decreases as the material melts [25] with the increase in temperature, reaching the maximum value at 900 • C. Therefore, the optimal roasting temperature is 900 • C.
The effect of roasting time on the vanadium leaching efficiency was investigated under these conditions: K 2 SO 4 dosage was 0 or 4 wt % and the roasting temperature was 900 • C; the results are illustrated in Figure 3b . It can be observed that the vanadium leaching efficiency continues to rise and reaches the maximum value at 1 h, and the vanadium leaching efficiency begins to decrease because of sintering [27] when the roasting time is above 1 h. Thus, the optimal roasting time is 1 h.
In particular, at the same roasting temperature or roasting time, potassium salt roasting (the dosage of K 2 SO 4 was 4 wt % in the roasting process) could improve the vanadium leaching rate greatly compared to blank roasting (the dosage of K 2 SO 4 was 0 wt % in the roasting process). Na2O + V2O5 → NaVO3 (2)
Effect of Roasting Temperature and Roasting Time on Vanadium Leaching Efficiency
In the roasting process, the roasting slag was leached under the following conditions: a leaching temperature of 95 °C, a leaching time of 1.5 h, and a sulfuric acid concentration of 10% (v/v) with a liquid to solid ratio of 3 mL/g.
The effect of roasting temperature on the vanadium leaching efficiency was researched under these conditions: K2SO4 dosage was 0 or 4 wt % and the roasting time was 1 h; the results are illustrated in Figure 3a . It can be observed that the vanadium leaching efficiency first increases and then decreases as the material melts [25] with the increase in temperature, reaching the maximum value at 900 °C. Therefore, the optimal roasting temperature is 900 °C.
The effect of roasting time on the vanadium leaching efficiency was investigated under these conditions: K2SO4 dosage was 0 or 4 wt % and the roasting temperature was 900 °C; the results are illustrated in Figure 3b . It can be observed that the vanadium leaching efficiency continues to rise and reaches the maximum value at 1 h, and the vanadium leaching efficiency begins to decrease because of sintering [27] when the roasting time is above 1 h. Thus, the optimal roasting time is 1 h.
In particular, at the same roasting temperature or roasting time, potassium salt roasting (the dosage of K2SO4 was 4 wt % in the roasting process) could improve the vanadium leaching rate greatly compared to blank roasting (the dosage of K2SO4 was 0 wt % in the roasting process). 
Analyses of Phase Transformation in the Roasting Process
The phase transformation between the concentrate, blank roasting slag and potassium salt roasting slag was analyzed by XRD, and the XRD patterns are illustrated in Figure 4 (this roasting slag was obtained at roasting conditions of 900 °C for 1 h).
Comparing the XRD patterns of Figure 4b with Figure 4a , the diffraction peaks of the magnetite phase (Fe3O4-main vanadium-bearing mineral) are weakened when the diffraction peaks of the hematite phase (Fe2O3) appear, inferring that blank roasting could damage the structure of magnetite [7] to some extent. Specifically, the diffraction peaks of the ilmenite phase (FeTiO3) 
The phase transformation between the concentrate, blank roasting slag and potassium salt roasting slag was analyzed by XRD, and the XRD patterns are illustrated in Figure 4 (this roasting slag was obtained at roasting conditions of 900 • C for 1 h).
Comparing the XRD patterns of Figure 4b with Figure 4a , the diffraction peaks of the magnetite phase (Fe 3 O 4 -main vanadium-bearing mineral) are weakened when the diffraction peaks of the hematite phase (Fe 2 O 3 ) appear, inferring that blank roasting could damage the structure of magnetite [7] to some extent. Specifically, the diffraction peaks of the ilmenite phase (FeTiO 3 ) disappear at the same time as the diffraction peaks of the pseudobrookite phase (Fe 2 TiO 5 ) appear, indicating that the structure of ilmenite is fully damaged.
Comparing the XRD patterns of Figure 4c with Figure 4b , the diffraction peaks of the magnetite phase (Fe 3 O 4 ) disappear completely while the diffraction peaks of the hematite phase (Fe 2 O 3 ) are greatly strengthened. Thus, it can be observed that roasting additive K 2 SO 4 could fully destroy the structure of magnetite for its decomposition product O 2 [22] which could further react with magnetite, which is beneficial to the release and extraction of vanadium; the related reaction is illustrated in Equation (6) . FeO disappear at the same time as the diffraction peaks of the pseudobrookite phase (Fe2TiO5) appear, indicating that the structure of ilmenite is fully damaged.
Comparing the XRD patterns of Figure 4c with Figure 4b , the diffraction peaks of the magnetite phase (Fe3O4) disappear completely while the diffraction peaks of the hematite phase (Fe2O3) are greatly strengthened. Thus, it can be observed that roasting additive K2SO4 could fully destroy the structure of magnetite for its decomposition product O2 [22] which could further react with magnetite, which is beneficial to the release and extraction of vanadium; the related reaction is illustrated in Equation (6) . In order to further study the role of K2SO4 in extracting vanadium from the vanadium-titanium magnetite concentrate, an SEM micrograph and related EDS analyses of the blank roasting slag and the potassium salt roasting slag are illustrated in Figure 5 . In order to further study the role of K 2 SO 4 in extracting vanadium from the vanadium-titanium magnetite concentrate, an SEM micrograph and related EDS analyses of the blank roasting slag and the potassium salt roasting slag are illustrated in Figure 5 . disappear at the same time as the diffraction peaks of the pseudobrookite phase (Fe2TiO5) appear, indicating that the structure of ilmenite is fully damaged.
Comparing the XRD patterns of Figure 4c with Figure 4b , the diffraction peaks of the magnetite phase (Fe3O4) disappear completely while the diffraction peaks of the hematite phase (Fe2O3) are greatly strengthened. Thus, it can be observed that roasting additive K2SO4 could fully destroy the structure of magnetite for its decomposition product O2 [22] which could further react with magnetite, which is beneficial to the release and extraction of vanadium; the related reaction is illustrated in Equation (6) . In order to further study the role of K2SO4 in extracting vanadium from the vanadium-titanium magnetite concentrate, an SEM micrograph and related EDS analyses of the blank roasting slag and the potassium salt roasting slag are illustrated in Figure 5 . As presented in Figure 5a ,b, the blank roasting slag has a smooth surface with a dense structure; the potassium salt roasting slag has a comparatively rough surface with a loose structure. Therefore, combined with the results of XRD analyses, it can be observed that when the vanadium-titanium magnetite was roasted with K2SO4, the structure of vanadium-bearing minerals was destroyed more thoroughly, and the mineral particles became looser, which is more conducive to the leaching of vanadium.
The great relevance of V, O, Ca shown in Figure 5a means that the vanadium element of the blank roasting slag may be in the form of Ca(VO3)2, which is difficult to leach with sulfuric acid. However, Figure 5b shows that the relevance of V, O, K is obvious and the relevance of V, O, Ca is not significant; it can be speculated that the KVO3 existed in the potassium salt roasting slag and the generation of Ca(VO3)2 was inhibited. Furthermore, the solubility of KVO3 in sulfuric acid solution is greater than Ca(VO3)2 [22, 25] , which indicates that the generation of KVO3 may be the main cause of the significant increase in the vanadium leaching efficiency of the potassium salt roasting slag compared to that of the blank roasting slag.
Based on the above analyses and Equations (2)-(6), the reaction of the vanadium-titanium magnetite concentrate roasted with K2SO4 can be illustrated with Equation (7).
FeO(Fe,V)2O3 + K2SO4 + CaO + O2 → Fe2O3 + KVO3 + CaSO4 (7)
Leaching Process
Effect of Leaching Temperature and Sulfuric Acid Concentration on the Vanadium Leaching Efficiency
In the leaching process, the roasting slag was obtained under these conditions: a roasting temperature of 900 °C and a roasting time of 1 h.
The vanadium leaching efficiency in the roasting slag with the sulfuric acid concentration of 10% (v/v) and a liquid to solid ratio of 3 mL/g were studied under different leaching temperatures. The results are illustrated in Figure 6a . It can be observed that with the leaching temperature and leaching time increasing, the vanadium leaching efficiency underwent sustained rapid growth. Therefore, a leaching temperature of 95 °C was selected. As presented in Figure 5a ,b, the blank roasting slag has a smooth surface with a dense structure; the potassium salt roasting slag has a comparatively rough surface with a loose structure. Therefore, combined with the results of XRD analyses, it can be observed that when the vanadium-titanium magnetite was roasted with K 2 SO 4 , the structure of vanadium-bearing minerals was destroyed more thoroughly, and the mineral particles became looser, which is more conducive to the leaching of vanadium.
The great relevance of V, O, Ca shown in Figure 5a means that the vanadium element of the blank roasting slag may be in the form of Ca(VO 3 ) 2 , which is difficult to leach with sulfuric acid. However, Figure 5b shows that the relevance of V, O, K is obvious and the relevance of V, O, Ca is not significant; it can be speculated that the KVO 3 existed in the potassium salt roasting slag and the generation of Ca(VO 3 ) 2 was inhibited. Furthermore, the solubility of KVO 3 in sulfuric acid solution is greater than Ca(VO 3 ) 2 [22, 25] , which indicates that the generation of KVO 3 may be the main cause of the significant increase in the vanadium leaching efficiency of the potassium salt roasting slag compared to that of the blank roasting slag.
Based on the above analyses and Equations (2)- (6), the reaction of the vanadium-titanium magnetite concentrate roasted with K 2 SO 4 can be illustrated with Equation (7 In the leaching process, the roasting slag was obtained under these conditions: a roasting temperature of 900 • C and a roasting time of 1 h.
The vanadium leaching efficiency in the roasting slag with the sulfuric acid concentration of 10% (v/v) and a liquid to solid ratio of 3 mL/g were studied under different leaching temperatures. The results are illustrated in Figure 6a . It can be observed that with the leaching temperature and leaching time increasing, the vanadium leaching efficiency underwent sustained rapid growth. Therefore, a leaching temperature of 95 • C was selected.
The vanadium leaching efficiency in the roasting slag with the leaching temperature of 95 • C and a liquid to solid ratio of 3 mL/g was studied under different sulfuric acid concentrations. The results are illustrated in Figure 6b . It can be observed that, with the increase in sulfuric acid concentration, the vanadium leaching efficiency continues to increase sharply. However, when the sulfuric acid concentration exceeded 10% (v/v), the growth of the vanadium leaching efficiency was moderate. With the comprehensive consideration of iron loss, acid consumption, and the purification of leachate [28, 29] , we determined that the appropriate sulfuric acid concentration is 10% (v/v). Nevertheless, when the leaching time exceeds 1.5 h, the vanadium leaching efficiency does not significantly increase. Thus, the suitable leaching time should be 1.5 h. With this leaching time, the vanadium leaching efficiency is 71.37%.
Additionally, under the same conditions of leaching temperature and sulfuric acid concentration, the vanadium leaching efficiency of potassium salt roasting was higher. The vanadium leaching efficiency in the roasting slag with the leaching temperature of 95 °C and a liquid to solid ratio of 3 mL/g was studied under different sulfuric acid concentrations. The results are illustrated in Figure 6b . It can be observed that, with the increase in sulfuric acid concentration, the vanadium leaching efficiency continues to increase sharply. However, when the sulfuric acid concentration exceeded 10% (v/v), the growth of the vanadium leaching efficiency was moderate. With the comprehensive consideration of iron loss, acid consumption, and the purification of leachate [28, 29] , we determined that the appropriate sulfuric acid concentration is 10% (v/v). Nevertheless, when the leaching time exceeds 1.5 h, the vanadium leaching efficiency does not significantly increase. Thus, the suitable leaching time should be 1.5 h. With this leaching time, the vanadium leaching efficiency is 71.37%.
Additionally, under the same conditions of leaching temperature and sulfuric acid concentration, the vanadium leaching efficiency of potassium salt roasting was higher. 
Analyses of Phase Transformation in the Leaching Process
The phase transformation between the leaching slag of blank roasting and the leaching slag of potassium roasting was analyzed by XRD, and the XRD patterns are illustrated in Figure 7 (this leaching slag was obtained at these conditions: a sulfuric acid concentration of 10% and leaching at 95 °C for 1.5 h with a liquid to solid ratio of 3 mL/g).
Comparing the XRD patterns of Figure 7a with those of Figure 7b , the diffraction peaks of the sphene phase (CaTiSiO4O-main vanadium-bearing mineral) disappear; at the same time, the diffraction peaks of the gypsum phase (CaSO4·2H2O) appear, indicating that sphene has been fully dissolved by sulfuric acid to generate gypsum when roasting with K2SO4, which is conducive to the leaching of vanadium. Furthermore, it can be inferred that KVO3-which is more soluble-has been dissolved, improving the vanadium leaching efficiency greatly. Moreover, the fact that sphene in the 
The phase transformation between the leaching slag of blank roasting and the leaching slag of potassium roasting was analyzed by XRD, and the XRD patterns are illustrated in Figure 7 (this leaching slag was obtained at these conditions: a sulfuric acid concentration of 10% and leaching at 95 • C for 1.5 h with a liquid to solid ratio of 3 mL/g).
Comparing the XRD patterns of Figure 7a with those of Figure 7b , the diffraction peaks of the sphene phase (CaTiSiO 4 O-main vanadium-bearing mineral) disappear; at the same time, the diffraction peaks of the gypsum phase (CaSO 4 ·2H 2 O) appear, indicating that sphene has been fully dissolved by sulfuric acid to generate gypsum when roasting with K 2 SO 4 , which is conducive to the leaching of vanadium. Furthermore, it can be inferred that KVO 3 -which is more soluble-has been dissolved, improving the vanadium leaching efficiency greatly. Moreover, the fact that sphene in the leaching slag of blank roasting could not be fully dissolved by sulfuric acid may be due to the formation of insoluble Ca(VO 3 ) 2 in the roasting process which consumes a portion of acid, providing further evidence to prove that potassium roasting could inhibit the formation of Ca(VO 3 ) 2 when generating KVO 3 .
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Kinetics Analyses of Vanadic Acid Leaching Process
The acid leaching process of vanadium-titanium magnetite potassium roasting slag is a solid-liquid reaction. Considering the fact that the particles are spherical, the irreversibility of the reaction, and the formation of the solid residual layer, it follows the typical nuclear contraction model, i.e., the shrinking core model (SCM) [27, 30, 31] . Drawn from this model, under vigorous stirring conditions, a control step of diffusion film can be ignored, focusing on the influence of the chemical reaction and diffusion rate on the leaching rate [27] .
When the reaction is controlled by internal diffusion, it follows this equation [27] :
Analogously, when the reaction is controlled by a chemical reaction, it follows this equation [27] :
where r is the vanadium leaching efficiency (%); k is the apparent reaction rate constant; t is the leaching time (min). The particle size of roasting slag used in kinetics analyses was P 80 = 0.104 mm. Notably, the roasting slag used in the kinetics analyses was obtained under the same conditions of roasting at 900 • C for 1 h, and the test materials were the same batch; thus, the particle size was fixed in kinetics analyses.
Calculation of Apparent Activation Energy
Substituting the experimental data in Figure 6a to Equations (8) and (9), the fitting results are illustrated in Figures 10 and 11 . This indicates that the leaching process of potassium salt roasting and blank roasting are both anastomosis with Equation (8) rather than Equation (9) . Therefore, the leaching process is mainly controlled by internal diffusion. 
Kinetics Analyses of Vanadic Acid Leaching Process
where r is the vanadium leaching efficiency (%); k is the apparent reaction rate constant; t is the leaching time (min). The particle size of roasting slag used in kinetics analyses was P80 = 0.104 mm. Notably, the roasting slag used in the kinetics analyses was obtained under the same conditions of roasting at 900 °C for 1 h, and the test materials were the same batch; thus, the particle size was fixed in kinetics analyses.
Calculation of Apparent Activation Energy
Substituting the experimental data in Figure 6a to Equations (8) and (9), the fitting results are illustrated in Figures 10 and 11 . This indicates that the leaching process of potassium salt roasting and blank roasting are both anastomosis with Equation (8) rather than Equation (9) . Therefore, the leaching process is mainly controlled by internal diffusion. According to the Arrhenius integral equation:
where k is the apparent reaction rate constant, E is the apparent activation energy (kJ/mol), R is the gas constant (8.314 J/K·mol), T is the thermodynamic temperature (K), and A is the frequency factor. It can be drawn from Equation (10) that Ink and 1/T have a linear relationship, and the slope is −E/R. Therefore, the apparent activation energy can be calculated by the slope −E/R. The logarithm of According to the Arrhenius integral equation:
where k is the apparent reaction rate constant, E is the apparent activation energy (kJ/mol), R is the gas constant (8.314 J/K·mol), T is the thermodynamic temperature (K), and A is the frequency factor.
It can be drawn from Equation (10) that lnk and 1/T have a linear relationship, and the slope is −E/R. Therefore, the apparent activation energy can be calculated by the slope −E/R. The logarithm of the reaction rate constant k of roasting slag in acid leaching and the reciprocal of the temperature T are plotted, and the results are illustrated in Figure 12 .
From the slope presented in Figure 12 , the apparent activation energy of blank roasting can be calculated as 37.43 kJ/mol; analogously, for potassium salt roasting, this is 26.31 kJ/mol. Classic kinetics theory [32, 33] considered the apparent activation energy to be >40 kJ/mol while the leaching reaction is controlled by the chemical reaction; in contrast, this was <40 kJ/mol when controlled by internal diffusion. In this paper, the apparent activation energy was <40 kJ/mol, providing further evidence to prove that the acid leaching process was controlled by internal diffusion. Meanwhile, the apparent activation energy could be obviously reduced when the vanadium-titanium magnetite was roasted with potassium salt. Moreover, the activity of the reactants was improved and the dependency of the reaction on a high temperature was weakened. the reaction rate constant k of roasting slag in acid leaching and the reciprocal of the temperature T are plotted, and the results are illustrated in Figure 12 .
From the slope presented in Figure 12 , the apparent activation energy of blank roasting can be calculated as 37.43 kJ/mol; analogously, for potassium salt roasting, this is 26.31 kJ/mol. Classic kinetics theory [32, 33] considered the apparent activation energy to be >40 kJ/mol while the leaching reaction is controlled by the chemical reaction; in contrast, this was <40 kJ/mol when controlled by internal diffusion. In this paper, the apparent activation energy was <40 kJ/mol, providing further evidence to prove that the acid leaching process was controlled by internal diffusion. Meanwhile, the apparent activation energy could be obviously reduced when the vanadium-titanium magnetite was roasted with potassium salt. Moreover, the activity of the reactants was improved and the dependency of the reaction on a high temperature was weakened. 
Calculation of Reaction Orders
Substituting the experimental data in Figure 6b to Equation (8) , the fitting results are illustrated in Figure 13 .
According to the leaching rate formula, the leaching kinetics equation can be deduced:
where k is the apparent reaction rate constant, E is the apparent activation energy (kJ/mol), T is the leaching temperature (K), C is the sulfuric acid concentration (v/v), and n is the reaction order. the reaction rate constant k of roasting slag in acid leaching and the reciprocal of the temperature T are plotted, and the results are illustrated in Figure 12 .
where k is the apparent reaction rate constant, E is the apparent activation energy (kJ/mol), T is the 
According to the leaching rate formula, the leaching kinetics equation can be deduced: lnk = lnk 0 − E/RT + nlnC (11) where k is the apparent reaction rate constant, E is the apparent activation energy (kJ/mol), T is the leaching temperature (K), C is the sulfuric acid concentration (v/v), and n is the reaction order. It can be obtained from the Equation (11) that lnk and lnC have a linear relationship; additionally, the slope is −E/R. Thus, the reaction order can be inferred from the slope. The logarithm of the reaction rate constant k of the roasting slag in the acid leaching process and the logarithm of sulfuric acid concentration were plotted; the results are illustrated in Figure 14 .
As shown in Figure 14 , the reaction order of the blank roasting with regards to sulfuric acid concentration is 0.6588; similarly, with potassium salt roasting, this is 0.5799. Moreover, when the vanadium-titanium magnetite was roasted with the potassium salt additive, the dependency on a high sulfuric acid concentration in the leaching process could be reduced. It can be obtained from the Equation (11) that lnk and lnC have a linear relationship; additionally, the slope is −E/R. Thus, the reaction order can be inferred from the slope. The logarithm of the reaction rate constant k of the roasting slag in the acid leaching process and the logarithm of sulfuric acid concentration were plotted; the results are illustrated in Figure 14 .
As shown in Figure 14 , the reaction order of the blank roasting with regards to sulfuric acid concentration is 0.6588; similarly, with potassium salt roasting, this is 0.5799. Moreover, when the vanadium-titanium magnetite was roasted with the potassium salt additive, the dependency on a high sulfuric acid concentration in the leaching process could be reduced. 
Conclusions
1. The effects of potassium salt roasting additives were more efficient than traditional sodium and calcium salt. Particularly, K2SO4 was preferred as the roasting additive. Under certain conditions (the dosage of K2SO4 was 4 wt %, the roasting temperature was 900 °C, the roasting time was 1 h, the leaching temperature was 95 °C, the sulfuric acid concentration was 10% (v/v), and the leaching time was 1.5 h, with a liquid to solid ratio of 3 mL/g) the vanadium leaching efficiency increased from 41.17% with blank roasting to 71.37%. 2. K2SO4 could fully destroy the structure of vanadium-bearing minerals such as magnetite, and could promote the formation of KVO3 to inhibit the formation of Ca(VO3)2 in the roasting It can be obtained from the Equation (11) that lnk and lnC have a linear relationship; additionally, the slope is −E/R. Thus, the reaction order can be inferred from the slope. The logarithm of the reaction rate constant k of the roasting slag in the acid leaching process and the logarithm of sulfuric acid concentration were plotted; the results are illustrated in Figure 14 .
As shown in Figure 14 , the reaction order of the blank roasting with regards to sulfuric acid concentration is 0.6588; similarly, with potassium salt roasting, this is 0.5799. Moreover, when the vanadium-titanium magnetite was roasted with the potassium salt additive, the dependency on a high sulfuric acid concentration in the leaching process could be reduced.
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1.
The effects of potassium salt roasting additives were more efficient than traditional sodium and calcium salt. Particularly, K 2 SO 4 was preferred as the roasting additive. Under certain conditions (the dosage of K 2 SO 4 was 4 wt %, the roasting temperature was 900 • C, the roasting time was 1 h, the leaching temperature was 95 • C, the sulfuric acid concentration was 10% (v/v), and the leaching time was 1.5 h, with a liquid to solid ratio of 3 mL/g) the vanadium leaching efficiency increased from 41.17% with blank roasting to 71.37%. 2.
K 2 SO 4 could fully destroy the structure of vanadium-bearing minerals such as magnetite, and could promote the formation of KVO 3 to inhibit the formation of Ca(VO 3 ) 2 in the roasting process. Moreover, promoting the dissolution of sphene to release its vanadium in the leaching process significantly increases the vanadium leaching efficiency. 3.
The leaching process was controlled by internal diffusion; the apparent activation energy decreased from 37.43 kJ/mol of blank roasting to 26.31 kJ/mol of potassium salt roasting. At the same time, the reaction order with regard to sulfuric acid concentration decreased from 0.6588 to 0.5799. Therefore, potassium salt roasting could accelerate the leaching process and reduce the dependence on high temperature and high acidity to improve mineral activity.
